Background-Reductions in numbers of circulating progenitor cells (CD34ϩ cell subsets) have been demonstrated in patients at risk for, or in the presence of, cardiovascular disease. The mediators of these reductions remain undefined.
T here is growing evidence that bone marrow-derived progenitor cells may have reparative roles in cardiac and vascular disease and may serve as diagnostic and prognostic biomarkers. 1, 2 Although the exact nature of these cells remains a topic of great interest, much of the work has focused on cells that are isolated by expression of CD34 or generated in vitro from circulating cells that express CD34. 3 Cells originally identified in vitro as endothelial progenitor cells (EPCs: CD34ϩ/CD45Ϫ/VEGFR2ϩ) probably represent cells of hematopoietic origin that have assumed an endothelial phenotype including expression of VEGFR2. 4, 5 These cells have been demonstrated to be capable of important functional effects that are probably due to paracrine mediators. 4 Circulating CD34ϩ hematopoietic precursor cells (HPCs: CD34ϩ/CD45 dim /VEGFR2Ϫ) are distinct from EPCs by the lack of VEGFR2 expression and by the expression of CD45 and may be the source of so-called outgrowth endo-thelial cells in culture. 6 We recently demonstrated in humans that rigorous characterization of CD34ϩ cell subsets provides distinct correlates of cardiovascular risk. 7 In fact, it was the HPC rather than the circulating EPC population that was downregulated in patients with coronary endothelial dysfunction. This distinction may reflect the importance of hematopoietic precursors in the early stages of atherosclerosis. Although there is growing evidence that circulating progenitor cells may be regulated in heart failure (upregulated in class 1 and downregulated in severe congestive heart failure), 8 the goal of the current study was to utilize large animal models of cardiac dysfunction to assess the role of neurohumoral activation in the downregulation of circulating CD34ϩ cells.
Clinical Perspective on p 642
Activation of the renin-angiotensin-aldosterone system occurs early in the pathophysiology of congestive cardiac failure, 9 and the effects of this in the promotion of salt and water retention and the development of myocardial fibrosis are undisputed. 9, 10 Serum aldosterone levels are potently associated with increased mortality in both systolic and diastolic heart failure, 11 whereas mineralocorticoid receptor blockade has beneficial effects in human and experimental heart failure and myocardial infarction. 12, 13 It has recently been shown that aldosterone impairs progenitor cells in vitro. 14 We therefore hypothesized that mineralocorticoid excess might be associated with reductions in circulating progenitor cell counts in animal models of cardiovascular disease and that this association may be mediated by reduction in production or survival of circulating progenitor cells. Thus, we studied distinct but complementary canine models of cardiovascular disease with or without endogenous and exogenous mineralocorticoid excess. Further, to understand whether mineralocorticoid excess affected abundance or survival of progenitor cells, peripheral and bone marrow progenitor cells were studied in normal dogs before and after exogenous administration of mineralocorticoid. To quantify progenitor cells in these models, we adapted established methodology from human studies 7 and used caninespecific reagents to study HPCs and EPCs.
Methods

Animal Models
Established canine models of cardiovascular disease were used in this study. All animal studies were performed in accordance with the Animal Welfare Act and approved by the Mayo Clinic Institutional Animal Care and Use Committee.
Pacing Model
The paced systolic dysfunction model is a well-studied model of dilated cardiomyopathy. Severe congestive cardiac failure was induced in 10 male mongrel dogs (weight, 20 to 30 kg) by rapid right ventricular pacing at 240 bpm, as described previously in detail. 15 Blood was drawn at baseline and on the day of acute study in all animals. After 10 days of pacing, cardiorenal parameters were assessed in an acute study according to a protocol previously described. 15, 16 Plasma aldosterone and atrial and B-type natriuretic peptide (ANP and BNP, respectively) were measured by radioimmunoassay. 16 
Progressive Hypertensive Heart Disease With and Without Mineralocorticoid Excess
Ten dogs ages 7 to 10 years were studied as previously described. 17 These dogs were the last 10 dogs studied in a recently published study. 17 In brief, all underwent a midline abdominal incision under general anesthesia with wrapping of both kidneys as previously described. All dogs were also instrumented with an indwelling intraaortic catheter through the femoral artery for blood pressure measurement. After development of hypertension (5 weeks after renal wrap [RW]surgery), dogs were randomized to receive deoxycorticosterone acetate (1 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 for 3 weeks; RW DOCA) or no additional treatment (RW control). As described in this model, 17 DOCA increased conscious blood pressure and left ventricular (LV) diastolic stiffness without a change in LV ejection fraction.
DOCA in Normal Dogs
An additional group of 6 young normal dogs underwent administration of DOCA at a similar dose of 1 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 IM for 10 days to ascertain a mechanism for the observations. Blood and bone marrow (by aspirate from the humeral head) were analyzed at baseline and at 10 days for CD34ϩ progenitor cell count. Blood pressures were measured at 10 days at the time of acute hemodynamic study.
Flow Cytometry
Peripheral blood and bone marrow-derived cells were incubated with fluorochrome-conjugated antibodies to CD34-fluoroscein (R&D Systems), mineralocorticoid receptor (Abcam, Cambridge, Mass), VEGFR2-APC (R&D Systems), and a biotinylated rat anticanine CD45 antibody (R&D Systems) subsequently labeled with Streptavidin-PerCP (BD Biosciences). Murine IgG 1 (R&D Systems) conjugated to Alexa 488, PE (Molecular Probes) and Rat anti-mouse PerCP (BD Biosciences) was used as isotype controls as well as IgG 1 -APC from Abd Serotec.
HPC (CD34ϩ CD45 dim VEGFR2Ϫ cells) counts were analyzed using the ISHAGE single platform sequential gating strategy, which is an internationally validated standard 18 (supplemental Figure 1 ). EPCs (CD34ϩ CD45Ϫ, and VEGFR2ϩ cells) were enumerated by sequential gating on CD34ϩ, CD45Ϫ, and VEGFR2ϩ cells (supplemental Figure 2 ). Progenitor cell counts are expressed as percent total leukocyte count or absolute cell counts as indicated. Demonstration of the anti-VEGFR2 antibody on canine aortic endothelial cells (Cell Applications, Inc) is represented in supplemental Figure 3 .
Isolation of CD34؉ Cells From Blood and Bone Marrow (Uninstrumented Normal Dogs)
At baseline, 20 mL of peripheral blood was drawn from the external jugular vein, and animals were anesthetized briefly with ketamine and diazepam followed by intubation and administration of an isoflurane/oxygen mixture via the endotracheal tube. The upper humeral area was shaved, prepped, and draped, and a 13-gauge bone marrow aspiration/biopsy needle (Medical Device Technologies, Fla) was advanced through the distal end of the greater tubercle of the humerus at an angle of 45°facing distally until the marrow cavity was entered (2 to 3 mm). Ten milliliters of marrow was aspirated and transferred to an EDTA tube on ice. Animals were then allowed to recover, and DOCA administration was commenced 48 hours later. An identical blood draw was performed before the acute study. After induction and intubation, bone marrow aspiration was performed again as above before commencement of invasive hemodynamic assessment. Blood was processed by density gradient centrifugation with extraction of buffy coat as previously described. 5, 7 Bone marrow was treated with 0.014% collagenase solution for 30 minutes, and the resulting cell suspension was diluted with PBS and layered over equal volumes of Ficoll-Paque PLUS (Amersham Biosciences, Uppsala, Sweden) for buffy coat extraction as with blood.
Cells from blood or marrow were washed twice, counted, and Fc-blocked with 1 g of mouse IgG per 10 5 cells. Approximately 7 million cells were kept for flow cytometry, which was performed as described above. The remainder (approximately 10 8 cells) was incubated with CD34-APC antibody (R&D systems) according to the manufacturer's instructions. Cells were washed twice and recounted and then incubated with Anti-APC Microbeads (Miltenyi Biotec, Germany), as specified by the manufacturer. Cells were again washed twice and resuspended in 50 mL PBSFE for magnetic cell separation. Cells were separated using an AUTOMACS machine (Miltenyi Biotec) on a positive cell selection "posseld" program, collected, and pelleted for telomerase quantification as described below.
Quantification of Telomerase Activity by Real-Time Polymerase Chain Reaction
Telomerase activity was quantified using the real-time polymerase chain reaction-based Quantitative Telomerase Detection (QTD) Kit (Allied Biotech, Ijamsville, Md), 19, 20 according to the manufacturer's protocol. In brief, the CD34ϩ cells from the blood were collected, washed in PBS, and centrifuged for 30 minutes at 12 000g at 4°C. The pellet was stored at Ϫ80°C until all samples were collected. All samples were run in triplicate. Positive (enclosed with the kit) and negative controls (heat inactivated product in lysis buffer) were included in the analysis. A standard curve for telomerase activity was generated using provided control templates. Telomerase activity is presented in relative units.
Statistical Analysis
Normally distributed data are reported as meanϮSEM. Nonnormally distributed data are presented as median [25th percentile, 75th percentile]. Within-group comparisons were performed using the Wilcoxon signed rank test. For between-group comparisons with repeated measures, regression analysis of posttreatment counts as the y variable, treatment group as the x variable of interest, and mean pretreatment count as a covariate was undertaken. Simple associations between cell counts and neurohormonal markers were assessed by Spearman rank correlation. The level of significance was set at PϽ0.05.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Rapid cardiac pacing resulted in hemodynamic evidence of advanced congestive cardiac failure as evidenced by decreased cardiac output (2.2 [1.8, 2.5] L/min) and increased systemic vascular resistance (40.4 [33.8, 51 .7] WU) and pulmonary capillary wedge pressure (22.5 [14.8, 25 .5] mm Hg). In dogs, the majority of circulating CD34ϩ cells was CD45 dim and VEGFR2Ϫ consistent with an HPC phenotype (95.8Ϯ1.9%). There was a significant decrease in HPCs (CD34ϩ/CD45 dim /VEGFR2Ϫ) after 10 days of pacing (0.09 [0.06, 0.15]% of circulating leukocytes at baseline versus 0.05 [0.04, 0.07]% at 10 days, Pϭ0.009 by Wilcoxon signed rank test) ( Figure 1A) . No significant change in EPCs (CD34ϩ/CD45Ϫ/VEGFR2ϩ) was detected (0.002 [0, 0.005]% of circulating leukocytes at baseline versus 0 [0, 0.004]% at 10 days, Pϭ0.49) ( Figure 1B) . Similar results were seen when absolute cell counts are compared (supplemental Figure 3 ). There was no significant change in circulating leukocyte counts, measured as the number of total CD45ϩ cells per buffy coat isolate 3.4 [2.6, 4.2] ϫ10 5 cells/100 L buffy coat at baseline versus 3.2 [2.2, 3.7] ϫ10 5 cells/100 L buffy coat 10 days, Pϭ0.57).
Neurohormonal parameters analyzed in the paced dogs at the time of acute hemodynamic study revealed a significant inverse correlation between the change in HPCs over the 10-day pacing period and the plasma aldosterone level (Spearman rank correlationϭϪ0.67, Pϭ0.03) ( Table 1 and supplemental Figure 4 ). No significant correlation was noted between changes in HPCs and serum ANP and BNP levels, nor did changes in EPCs correlate with plasma aldosterone, ANP, or BNP levels. These data suggest that elevation in serum aldosterone levels is associated, at least in part, with changes in circulating cell subsets.
On the basis of the association between change in cell counts and aldosterone levels, we chose to further study the relationship between mineralocorticoid excess and CD34ϩ cell subsets in a model of hypertension that uses bilateral RW and administration of DOCA. DOCA has been shown to have important effects on LV and vascular form and function in this model. 17 The hemodynamic profiles of RW control and RW DOCA groups at the time of acute study are shown in Table 2 . Again, the majority of circulating CD34ϩ cells was CD45 dim and VEGFR2Ϫ, consistent with an HPC phenotype (94.1Ϯ1.1%). When the effects of DOCA administration were analyzed at 6 and 8 weeks, regression analysis adjusting for pretreatment mean as covariate revealed the differences in cell counts between groups at 8 weeks to be statistically significant (Pϭ0.01) ( Figure 2 ).
To determine whether mineralocorticoid excess is sufficient to account for decreases in HPCs, uninstrumented dogs were treated with DOCA for 10 days. No significant effect on total leukocyte counts was noted after DOCA treatment ( Figure 3A) . Figure 3C ). EPCs did not change significantly in peripheral blood or in bone marrow after treatment with DOCA for 10 days ( Figure 3B and 3C, right panels).
To determine whether cells in canine buffy coat express the mineralocorticoid receptor (MR), we demonstrated mRNA for MR present in these samples (Figure 4 ). Furthermore, we performed FACS on canine blood and demonstrated coexpression of CD34 and MR. Immunostaining of canine bone marrow also showed coexpression of CD34 and MR.
Finally, circulating CD34ϩ cells demonstrated evidence of senescence with reduced telomerase activity after administration of DOCA ( Figure 5 ). No differences in telomerase activity were seen in bone marrow-derived CD34ϩ cells, suggesting a peripheral effect. We were not able to perform these studies on CD34ϩ subsets. However, because the overwhelming majority of CD34ϩ cells are HPCs, we assume these findings represent this population. Taken together, DOCA may induce a decrease in circulating CD34ϩ cells through induction of senescence. 
Discussion
It is now well established that progenitor cells of bone marrow origin can be detected in the circulation, 3, 21, 22 and altered numbers and function of these cells have been noted in cardiovascular disease, [23] [24] [25] [26] [27] including heart failure. 8 However, the mechanisms involved and the implications of these findings have remained elusive. In the present study, 2 canine models of LV dysfunction were used. Specific canine reagents and analyses were used to quantify 2 populations of circulating CD34ϩ cells, EPCs, and HPCs. HPC counts were decreased in a paced model of cardiac failure. No changes in EPCs were noted. Interestingly, this decrease in HPCs correlated with increases in plasma aldosterone levels. On the basis of this original finding, we hypothesized that mineralocorticoid excess may be associated with decreased circulating HPCs. In this setting, aldosterone levels may be a surrogate for increased systemic oxidative stress. When DOCA, an MR agonist, was administered to the RW model, there was a significant reduction in circulating HPC counts compared with controls. Again, no changes were seen in EPC counts. DOCA was also administered to normal dogs, resulting in a similar reduction on HPCs observed after 10 days of treatment. In the latter animals, we also analyzed bone marrow before and after treatment. It was interesting to note that the reduction in HPC number seen in the circulation was not seen in the bone marrow, suggesting a peripheral effect on cell survival. In the present study, the majority of CD34ϩ cells expressed CD45dimly and did not express VEGFR2, consistent with the HPC phenotype. These HPCs were regulated by mineralocorticoid excess, whereas no effects were seen in EPCs (CD34ϩ/CD45Ϫ/VEGFR2ϩ cells). The lack of effect on EPCs may be due to their relative scarcity in the population, but their levels are consistent with our study in humans. 7 It should be noted that the study was limited by a lack of canine specific reagents for other hematopoietic stem cell markers such as CD133, c-kit, or sca-1. Taken together, these data suggest that CD34ϩ cells are regulated in models of LV dysfunction associated with mineralocorticoid excess. However, it was the HPC population that accounted for these differences. Because these HPCs may be the source of multiple relevant cell types including cells capable of assuming an endothelial phenotype, the findings have particular relevance to cardiovascular disease.
Our finding that CD34ϩ cells express the mineralocorticoid receptor is consistent with accumulating evidence that circulating progenitor cells express MRs 28, 29 and also that their growth in vitro is impaired by addition of aldosterone to the culture medium. 14 These findings are made all the more compelling by the observed reversal of these effects in vitro with the addition of spironolactone. These observations underscore the possibility that aldosterone exerts specific effects on circulating progenitor cells. However, the presence of the MR alone does not prove a direct effect. The expression of 11␤-hydroxysteroid dehydrogenase is also a neces- sary component of MR activation in renal epithelial and vascular smooth muscle cells, and its expression in these cells is uncertain. 30 Considered in this light, other biological mechanisms that may affect the number and function of these cells would include an increase in oxidative stress. It is undisputed that aldosterone is proinflammatory 31, 32 and that it activates circulating mononuclear inflammatory cells. 33, 34 It also exerts proinflammatory effects through central mechanisms, including effects on sympathetic drive activity and production of TNF␣. 35 Accelerated senescence has also been attributed to aldosterone. 36 High aldosterone levels in humans have been associated with reduced telomere counts in leukocytes. 36 In addition, reduced telomere lengths have been seen in a spectrum of different cardiovascular disease states compared with controls. 37 Large epidemiological trials have shown a clear correlation between telomere length and classic cardiovascular risk factors. 38 -40 Therefore, the possibility of increased senescence of circulating progenitor cells from mineralocorticoid-treated animals was investigated as a mechanism leading to a decrease in their numbers. We found a significant difference in telomerase activity between CD34ϩ cells isolated from normal dogs at baseline and after 10 days of mineralocorticoid treatment. The reduction in telomerase activity seen in CD34ϩ cells after 10 days of DOCA therapy may reflect decreased protection from telomere damage ensuing proliferation of these cells, which leads to apoptosis and a reduction in numbers. The result of this effect on the heart failure phenotype is still a matter of speculation but could include a reduced capacity for reparative paracrine mechanisms mediated by circulating progenitor cells.
Aldosterone antagonism has proven beneficial not just in chronic heart failure 13 but also in heart failure after myocardial infarction. 12 Aldosterone antagonism may also be of benefit in the treatment of endothelial dysfunction. 41 The possibility of accelerated senescence contributing to these disease processes and the possibility of aldosterone as a mediator cannot be ignored in this light. Studies will need to define whether aldosterone antagonism might attenuate the reductions in circulating progenitor cells in these models.
In summary, for the first time, a reduction in circulating progenitor cells has been linked to changes in serum levels of mineralocorticoids. Additionally, it is suggested that the underlying mechanisms may include effects on telomerase activity in circulating progenitor cells leading to possible telomere length shortening and accelerated cell death. The implications of these findings suggest a novel paradigm in which to consider aldosterone antagonism in human disease. 
